There is growing evidence in support of the hypothesis that, in mammals, photoreceptive tasks are segregated into those associated with creating a detailed visual image of the environment and those involved in the photic regulation of temporal biology. The hypothesis that this segregation extends to the use of different photoreceptors remains unproven, but published reports from several mammalian species that circadian photoentrainment survives a degree of retinal degeneration sufficient to induce visual blindness suggest that this may be so. This has lead to speculation that mammals might employ a dedicated 'circadian photoreceptor' distinct from the rod and cone cells of the visual system. The location and nature of this putative circadian photoreceptor has become a matter of conjecture. The latest candidates to be put forward as potential circadian photopigments are the mammalian cryptochrome proteins (CRY1 and 2), putative vitamin-B2 based photopigments. To date, published experimental evidence falls short of a definitive demonstration that these proteins form the basis of circadian photoreception in mammals. Consequently, this review aims to assess their suitability for this task in light of what we know regarding the biology of the cyrptochromes and the nature of mammalian photoentrainment.
Light is an influential regulator of physiology and behavior in mammals. An important aspect of this regulation is the ability of the light environment to provide time of day information. This information is used to regulate temporal aspects of physiology and behavior including entrainment of circadian clocks. Despite the importance of these processes, relatively little definitive information regarding the mechanisms of circadian photosensitivity are available. In particular, the photoreceptors that mediate these responses remain undefined (Foster, 1998) . Recently, there has been considerable speculation on the molecular basis of these photoreceptors. This review aims to put some of this speculation into the context of what we know regarding the process of circadian photoreception in mammals.
Over the past few years, there has been growing support for the hypothesis that the photoreceptors mediating circadian responses differ from the classical photoreceptors of the visual system. A large part of the justification for this hypothesis has been the observation that, in mice, degeneration of rod and cone photoreceptors and loss of visual responses are not necessarily associated with a reduction in the sensitivity of circadian responses to light (Foster et al., 1991; Provencio et al., 1994) . Subsequent work has confirmed that circadian photosensitivity can survive a degree of retinal pathology sufficient to induce visual blindness in humans (Zeisler et al., 1995) . Most recently, we have demonstrated that mice completely lacking both rod and cone photoreceptors are capable of exhibiting photoentrainment and of suppressing pineal melatonin by light (Freedman, Lucas, and Foster, in preparation; Lucas, Freedman, and Foster, in preparation) . These results demonstrate that retinal rod and cone photoreceptors are not required for circadian responses to light, hereby indicating that these classical visual photoreceptors do not form the sole photoreceptive input to the mammalian circadian system. Thus, while it is possible that rods (Yoshimura and Ebihara, 1998; Lupi et al., 1998) and/or cones (David-Gray et al., 1998) contribute to circadian responses, the existence of a novel non-rod, non-cone photoreceptor capable of mediating these responses is implied.
The exciting conclusion that mammals may contain a previously uncharacterized photoreceptor has led to considerable speculation regarding its nature. Broadly, the possibilities can be separated into two groups: (1) that a previously unidentified photopigment of the classical opsin:retinaldehyde family (as employed in rod and cone photoreceptors) forms the basis of a novel photoreceptor and (2) that the novel photoreceptor uses some previously unknown (at least in animals) photoreceptive process. Over the past few years, attempts to address the first of these possibilities have focused on the search for novel, non-rod, non-cone opsins. Several genes encoding previously unidentified opsin-like proteins have been cloned in vertebrates. Excitingly two of these genes, VA opsin (Soni and Foster, 1997; Soni et al., 1998) and melanopsin (Provencio et al., 1998b) are expressed in elements of the retinal inner nuclear layer (resembling a subset of horizontal and amacrine cells) previously thought not to be directly photosensitive. To date, mammalian homologues of these novel opsin genes have not been published. However, the presence of opsin-based photopigments outside of the classical visual photoreceptors in phylogenetically diverse non-mammalian vertebrates provides circumstantial evidence in support of the hypothesis that the putative novel mammalian photoreceptor might use a previously unidentified opsin:retinaldehyde photopigment.
There have been two recent suggestions that a nonopsin-based photopigment might be employed in mammalian photoentrainment. In an attempt to explain a report of extraocular photoreception in humans (Campbell and Murphy, 1998) , Oren and Terman (1998) have hypothesized the involvement of a tetrapyrrole-based photopigment employing an undefined humoral transduction process. This suggestion has been reviewed in detail elsewhere (Foster, 1998) , and the demonstration that bilateral enucleation (removal of the lateral eyes) abolishes circadian photoresponses in every mammalian species examined so far (humans, nonhuman primates, and multiple rodent species) argues that this is not a significant factor under most circumstances. More recently, there has been widespread speculation that circadian photoreception in mammals may be mediated by photopigments similar to the cryptochrome blue light photoreceptors that contribute to developmental/physiological responses in plants (Miyamoto and Sancor, 1998) . Genes encoding two cryptochrome-like proteins exist in humans and mice and are expressed in (among other tissues) the eyes. The effects of knocking out one of these genes (termed mCry2) by homologous recombination in mice has recently been published (Thresher et al., 1998) . In the absence of CRY2, mice entrain to light:dark cycles and exhibit circadian phase shifts in response to light, indicating that this protein does not form an essential component of the photoentrainment pathway. However, mCry2 knockout mice do show alterations in circadian phenotype, including increased tau under DD, larger amplitude light induced phase shifts and an attenuation of mPer1 photo-induction in the SCN. From this evidence, the authors conclude that mCRY2 may act as one of several photoreceptors mediating photoentrainment in mice. Other interpretations of the data are possible, and further experimental evidence is required before we can confidently assert that mCRY2 acts as a circadian photoreceptor rather than in some other capacity in the development or maintenance of the circadian clock and/or its light input pathway. Nevertheless, this represents an intriguing development in the search for the elusive circadian photoreceptor, and merits detailed discussion.
The mammalian cryptochromes are members of the photolyase/cryptochrome family of light-sensitive proteins. Other members of this family absorb blue/ultraviolet (UV) light through binding of dual cofactors/chromophores, generally a flavin and a pterin (Ahmad and Cashmore, 1996) . On the basis of experimentally defined function and sequence similarity, these proteins may be subdivided into three smaller groups: (1) pyrimidine dimer photolyases, which harvest the energy of near-UV light in order to repair UV induced cyclobutane pyrimidine dimerisa-tion in DNA (Hearst, 1995) (2) (6-4) photolyases , which perform a similar function but act specifically on pyrimidine (6-4) pyrimidone dimers (Todo et al., 1993) ; and (3) plant cryptochromes, which act as photoreceptors contributing to physiological and developmental responses to blue/UV light (Cashmore, 1998; Guo et al., 1998; Suarez-Lopez and Coupland, 1998; Whitelam, 1995) . On the basis of deduced amino acid sequence, the mammalian cryptochromes CRY1 and CRY2 show a relatively high degree of identity (44%-49%) with (6-4) photolyases from Drosophila and Arabidopsis and lesser (17-22%) identity with other members of this family including pyrimidine dimer polymerases and the plant cryptochromes. Thus, it is worth noting that although designated mammalian CRY1 and CRY2, this nomenclature does not reflect a specific sequence similarity with the plant (Arabidopsis) cryptochrome photoreceptors (also termed CRY1 and CRY2) above the general level of identity between members of the photolyase/cryptochrome family.
Levels of sequence identity, particularly with the (6-4) photolyases, place mammalian CRY1 and CRY2 firmly in the photolyase/cryptochrome family. The functional examinations that have been carried out on these proteins confirm this classification. Both mammalian cryptochromes bind flavin and pterin as cofactors/chromophores and, on in vitro expression, absorb light with peak sensitivity in the UV/blue wavelengths (Hsu et al., 1996) . However, despite the remarkable sequence similarity between the mammalian cryptochromes and the (6-4) photolyases, Hsu and coworkers (1996) reported an absence of (6-4) photolyase activity for these proteins and, on this basis, proposed a photoreceptive rather than a photolyase function for them.
The expression pattern of mammalian CRY1 and CRY2 in mice both supports and, to some extent, contradicts the hypothesis that these proteins act as circadian photoreceptors. On the one hand, both genes are expressed in the retina and particularly in large numbers of retinal ganglion cells (RGCs) . It is a subset of the RGCs that forms the basis of the retinohypothalamic tract (RHT) through which light information reaches the primary circadian clock in the suprachiasmatic nuclei (SCN) of the hypothalamus. This distribution would enable them to form the ocular photoreceptors entraining the circadian clock. It should be noted, however, that in the mouse, as few as 50 to 60 RGCs form the RHT (Provencio et al., 1998a) , far fewer RGCs than those expressing CRY1 and CRY2 . This suggests that CRY1 and CRY2 expression is not restricted to those RGCs that form the RHT.
Although expressed in the retina, CRY1 and CRY2 are also widely expressed in other tissues including the heart, lung, liver, muscle, kidney, testis, and brain (including the SCN for CRY1 and possibly for CRY2) . The observation that removal of the eyes abolishes entrainment of the circadian clock in the SCN argues against the presence of functional circadian photoreceptors in all these tissues. However, a possible explanation for this diversity of expression has been raised by the finding that Drosophila (Plautz et al., 1997) contain autonomous circadian oscillators in a large number of tissues that are entrained by local photoreceptors. Should such oscillators exist in mammals, the expression of CRY1 and/or CRY2 outside of the eye might represent the presence of local photoreceptors entraining these clocks.
Support for this hypothesis is provided by the recent demonstration that isolated rat fibroblasts are capable of exhibiting circadian rhythmicity (Balsalobre et al., 1998) . To date, however, there is no direct evidence that these rhythms observed in isolated cells are directly light sensitive or that, in mammals, such peripheral oscillators exist in vivo. Of the two mammalian tissues known to act as circadian clocks in vivo, the retina and the SCN, in vitro studies indicate that whereas the retinal clock is locally entrained (Tosini and Menaker, 1996) , clocks in the SCN are not (Green and Gillette, 1982; Groos and Hendriks, 1982) . Thus, although CRY1 is abundantly expressed in the SCN, it seems that it does not act to entrain the primary circadian oscillators present in that tissue. The evidence to date is consistent with the hypothesis that the eye performs all photoreceptive functions in mammals. Consequently, the expression pattern of CRY1 and CRY2 remains something of a conundrum.
In the past, some of the most informative data regarding the nature of circadian photoreception have come from the description of action spectra. Vitamin A-based photopigments have a characteristic spectral absorbance profile, the shape of which is peculiar to retinal-based photopigments and is approximated by the Dartnall nomogram (Fig. 1 ). Action spectra with shapes matching the Dartnall nomogram have previously been taken as good evidence that the response under examination is mediated by an opsin:retinaldehyde-type photopigment. Detailed action spectra for circadian responses in Syrian hamsters (Takahashi et al., 1984) and mice (Provencio and Foster, 1995; Yoshimura and Ebihara, 1996) have been published previously. Significantly, these action spectra show a close fit to the Dartnall nomogram ( Fig. 1) and, on this basis, are consistent with the hypothesis that the primary photoreceptors mediating entrainment rely on a Vitamin A-based photopigment.
Implicating cryptochrome type photoreceptors using action spectrum approaches is less straightforward. The main problem is that the absorbance profiles of photolyase/cryptochrome proteins are much more variable than those of opsin:retinaldehyde photopigments. This variability is partly caused by the presence of two independent cofactors (a pterin or 5-deazoflavin and a flavin), either or both of which may act as the primary chromophore, and partly by the change in spectral sensitivity of the flavin cofactor according to its redox state (Gallard and Senger, 1991; Lin et al., 1995; Wolken, 1995; Ahmad and Cashmore, 1996) . When oxidized, flavin (FAD) absorbs blue/UV light. However, flavin also can exist in reduced (FADH) and intermediate (flavosemiquinone) states. FADH absorbs near-UV light and is relatively insensitive to longer wavelengths (Galland and Senger, 1991) .
Flavosemiquinone also shows maximum sensitivity to near UV, but additionally exhibits significant absorption of blue-green (400-500nm) and to a lesser extent longer wavelengths of light (Galland and Senger, 1991; Lin et al., 1995) . This potential for variation makes the fitting of a standard absorbance template problematic. Consequently, it is difficult to empirically predict the shape of action spectra of cryptochrome-mediated events for comparison with experimental observations.
The absorbance spectra of the human cryptochromes have been experimentally determined (Hsu et al., 1996) . However, spectra for the murine cryptochromes have not, thus rendering direct comparison of mouse CRY1 and CRY2 absorption with the detailed circadian action spectra in that species impossible. Nevertheless, the level of amino acid identity between the cryptochromes of these two species (approximately 96% for both CRY1 and CRY2) suggests that their absorbance profiles are likely to be very similar.
(Human CRY1 and CRY2 proteins show indistinguishable spectral absorbance characteristics despite being only 70% identical; (Hsu et al. 1996) . Comparison of the published absorbance spectra for human cryptochromes with the action spectra for circadian phase shifts in mice reveals a poor correlation (Fig. 1A) . Neither do the CRY1 and CRY2 absorption spectra represent a convincing fit to the published action spectrum for circadian phase shifts in the Syrian hamster (Fig. 1B) . Interestingly, whereas circadian sensitivity peaks around 500nm in both species, both CRY proteins show increasingly efficient absorption at wavelengths shorter than this. This discrepancy between CRY absorption and circadian action spectra might be somewhat ameliorated by alterations in the redox state of the flavin chromophore in vivo. However, previous examinations indicate that this is unlikely to alter the fact that flavin based photoreceptors most efficiently absorb light at wavelengths shorter than 500 nm (Galland and Senger, 1991; Lin et al., 1995) .
The known action spectra for circadian phase shifts suggest that neither CRY1 nor CRY2 forms the basis of the primary photoreceptors mediating these responses. However, the data do not rule out the involvement of these proteins in one of two supplementary roles.
1. Cryptochromes might provide an additional short wavelength-sensitive input to the circadian system.
Detailed action spectra at short wavelengths (UV and near-UV) are technically difficult and, conse- quently, are absent from the literature. Nonetheless, UV responses have been described in mice (Provencio and Foster, 1995) , rats (Amir and Robinson, 1995) , and Syrian hamsters (von Schantz et al., 1997) , indicating a UV input to the circadian system of these species.
Because mice and rats have short wavelength-sensitive cone photoreceptors (λ max 360 nm) (Jacobs et al., 1991) , the most parsimonious explanation in these species is that cone photoreceptors mediate the UV response. However, in the absence of a detailed action spectrum at these short wavelengths, this hypothesis remains unproven. By contrast, Syrian hamsters are thought to lack a classical short wavelength sensitive photoreceptor yet retain UV-induced circadian phase shifts (Von Schantz et al., 1997) . This raises the possibility that UV responses in this species use a cryptochrome-type protein as photopigment. Alternatively, because both flavins and pterins fluoresce green light in response to UV stimulation (Wolken, 1995) , cryptochrome proteins and their cofactors might contribute to short wavelength responses by translating UV irradiation into illumination in the visible spectrum. However, although such a mechanism might extend the spectrum for functional irradiance detection, one might expect the resultant generalized intraocular fluorescence to compromise the sensitivity and resolution of the visual system.
2. Whereas rods and cones form the primary input to the circadian system, in the absence of these photoreceptors, cryptochromes might be capable of mediating these responses.
If rod and/or cone photoreceptors represent the primary input to the circadian system, then the action spectra of circadian responses in retinally intact or even retinally degenerate animals should correspond to the absorbance spectra of these photoreceptors. However, evidence from mice lacking both rod and cone photoreceptors indicates that there is an additional non-rod, non-cone photoreceptor present in the mammalian eye that transduces photic information to the circadian system. If the published action spectra reflect the absorbance of rod/cone photoreceptors, then the absorbance spectrum of this novel photoreceptor could be significantly different from the Dartnall nomogram. A description of the spectral sensitivity of circadian responses in the absence of rod and cone photoreceptors is required to definitively address this hypothesis. This important experiment is currently underway in our laboratory. To date, we have evidence indicating that rod-less, cone-less mice exhibit unattenuated circadian responses to monochromatic 509-nm light (Freedman, Lucas, and Foster, in preparation) , suggesting that the novel photoreceptor is significantly sensitive around this wavelength.
Indirect support for the hypothesis that cryptochromes might be involved in mammalian photoentrainment comes from non-mammalian species. Some years ago (Paietta and Sargent, 1981) , it was noted that flavin deficiency in Neurospora crassa is associated with a reduction in the sensitivity of several photic responses including circadian phase shifts and acute suppression of circadian conidiation. These data implicate a flavin-based photoreceptor in mediating circadian photosensitivity in this species. More recently, research into the mechanisms of circadian photoreception in Drosophila Stanewsky et al., 1998) and Arabidopsis (Somers et al., 1998) has turned toward a role for cryptochrome. Genetic lesions of cryptochrome-like photopigments in these organisms have furnished evidence implicating these proteins in the photoentrainment pathway. Interestingly, however, in both species the cryptochrome dependent pathway appears to act in conjunction with independent non-cryptochrome based photoreceptive inputs (Stanewsky et al., 1998) . One of the salient features of circadian rhythms research is a tendency for the processes and components of rhythm generation to show a high degree of conservation across species. Consequently, indications that cryptochrome-like proteins form circadian photoreceptors in non-mammalian species may be regarded as circumstantial evidence in support of such a role in mammals. However, the evidence that, in contrast to other species, mammalian clocks in the SCN are not directly photosensitive suggests that the photoentrainment pathway might be an aspect of circadian organization that shows less interspecific conservation (Menaker and Tosini, 1995) .
There is compelling evidence that circadian photoresponses employ a novel non-rod, non-cone photoreceptor in mammals. To date, evidence regarding the molecular basis of this novel photoreceptor is ambiguous. The cloning of mammalian genes (CRY1 and CRY2) showing sequence similarity with members of the photolyase/cryptochrome family of photosensitive proteins represents a potentially exciting addition to this field. However, definite conclusions regarding the involvement of these proteins in circadian responses require further experimental investigation.
